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abstract
 
Members of the HCN channel family generate hyperpolarization-activated cation currents (I
 
h
 
) that
are directly regulated by cAMP and contribute to pacemaker activity in heart and brain. The four HCN isoforms
show distinct but overlapping patterns of expression in different tissues. Here, we report that HCN1 and HCN2,
isoforms coexpressed in neocortex and hippocampus that differ markedly in their biophysical properties, coas-
 
semble to generate heteromultimeric channels with novel properties. When expressed in 
 
Xenopus
 
 oocytes, HCN1
channels activate 5–10-fold more rapidly than HCN2 channels. HCN1 channels also activate at voltages that are
10–20 mV more positive than those required to activate HCN2. In cell-free patches, the steady-state activation
 
curve of HCN1 channels shows a minimal shift in response to cAMP (
 
1
 
4 mV), whereas that of HCN2 channels
shows a pronounced shift (
 
1
 
17 mV). Coexpression of HCN1 and HCN2 yields I
 
h
 
 currents that activate with kinet-
ics and a voltage dependence that tend to be intermediate between those of HCN1 and HCN2 homomers, al-
though the coexpressed channels do show a relatively large shift by cAMP (
 
1
 
14 mV). Neither the kinetics, steady-
state voltage dependence, nor cAMP dose–response curve for the coexpressed I
 
h
 
 can be reproduced by the linear
sum of independent populations of HCN1 and HCN2 homomers. These results are most simply explained by the
formation of heteromeric channels with novel properties. The properties of these heteromeric channels closely
resemble the properties of I
 
h
 
 in hippocampal CA1 pyramidal neurons, cells that coexpress HCN1 and HCN2. Fi-
nally, differences in I
 
h
 
 channel properties recorded in cell-free patches versus intact oocytes are shown to be due,
in part, to modulation of I
 
h
 
 by basal levels of cAMP in intact cells.
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INTRODUCTION
 
Hyperpolarization-activated cationic currents (I
 
h
 
)
 
1
 
 were
 
initially identiﬁed in cardiac myocytes (Brown et al.,
1979; Brown and DiFrancesco, 1980) and photorecep-
tors (Bader et al., 1979). These currents (for reviews
see DiFrancesco, 1993; Pape, 1996; Santoro and Tibbs,
1999) are characterized by slow activation kinetics
 
upon hyperpolarization, permeability to both K
 
1
 
 and
Na
 
1
 
, and modulation by direct binding of intracellular
cAMP (DiFrancesco and Tortora, 1991), which shifts
activation to more positive potentials. In addition to
 
maintaining the resting potential, I
 
h
 
 has been impli-
cated in cardiac (DiFrancesco, 1993) and neuronal
(McCormick and Pape, 1990; Pape, 1996) rhythmogen-
esis, sensory adaptation (Luthi and McCormick, 1998;
Demontis et al., 1999), shaping of synaptic potentials
(Magee, 1999), and control of synaptic transmitter re-
lease (Beaumont and Zucker, 2000; Southan et al.,
2000). Reﬂecting this wide range of physiological func-
tions, the properties of I
 
h
 
 recorded in various tissues
differ signiﬁcantly in their voltage dependence, activa-
tion kinetics, and sensitivity to cAMP (Pape, 1996; San-
toro and Tibbs, 1999).
The recent cloning of a family of four mammalian
genes encoding hyperpolarization-activated cAMP-reg-
ulated cation (HCN) channels (Santoro et al., 1997,
1998; Ludwig et al., 1998) provides a potential molecu-
lar basis for the heterogeneity in I
 
h
 
 among different
cells. The four genes (HCN1–4) encode highly similar
proteins that belong to the voltage-gated K channel su-
perfamily (Jan and Jan, 1997): they contain six trans-
 
membrane segments, a pore-forming
 
 
 
P
 
 
 
region, and
cytosolic NH
 
2
 
 and COOH termini. The COOH termi-
nus of the HCN channels also contains a cyclic nucleo-
tide binding domain (CNBD) homologous to those of
other cyclic nucleotide binding proteins, including the
cyclic nucleotide–gated channels of photoreceptors
and olfactory neurons (Zagotta and Siegelbaum, 1996).
HCN1–4 also show distinct but overlapping patterns of
mRNA expression (Santoro et al., 1997, 1998, 2000;
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Ludwig et al., 1998; Moosmang et al., 1999; Monteggia
et al., 2000). All four genes are expressed in brain;
HCN2 and HCN4 are also prominently expressed in
heart (Ludwig et al., 1998, 1999; Santoro et al., 1998;
Shi et al., 1999). HCN1 is expressed selectively in spe-
ciﬁc brain regions, including hippocampus, layer 5
cells of neocortex, and Purkinje cells of the cerebellum
(Santoro et al., 1997, 1998, 2000; Moosmang et al.,
1999; Monteggia et al., 2000). HCN2 is widely ex-
pressed throughout brain, including neocortex, hip-
pocampus, and thalamus. Finally, HCN4 is expressed in
a restricted manner in subcortical and lower brain re-
gions (Santoro et al., 1997, 2000; Moosmang et al.,
1999; Monteggia et al., 2000).
When expressed in heterologous systems, three of
the four HCN genes have been shown to generate hy-
perpolarization-activated currents with distinct biophys-
ical properties. HCN1 channels activate fastest and re-
quire the least amount of hyperpolarization to open
(Santoro et al., 1998, 2000). HCN2 channels activate
more slowly, require stronger hyperpolarizations, but
are strongly modulated by cAMP (Ludwig et al., 1998,
1999; Santoro et al., 2000). HCN4 may activate at even
more negative potentials and with the slowest kinetics
(Ishii et al., 1999; Ludwig et al., 1999; Seifert et al.,
1999). To date, HCN3 channels have not been found to
form functional homomultimers.
Although the recombinant HCN channels and native
I
 
h
 
 currents share basic properties, it has not yet been
shown whether any HCN homomeric channel can fully
reproduce the characteristics of any native I
 
h
 
 current.
Since multiple HCN isoforms may be coexpressed in the
same cell (Santoro et al., 2000; Franz et al., 2000), this
raises the possibility that certain native I
 
h
 
 currents may be
generated through the coassembly of HCN isoforms to
form heteromeric channels with novel properties distinct
from those of the recombinant, homomeric I
 
h
 
 channels.
However, the only study where this question was investi-
gated failed to observe the coassembly of HCN2 and
HCN4, which are genes that are coexpressed in both
heart and certain brain regions (Ludwig et al., 1999).
To investigate the possible formation and resultant
properties of heteromeric I
 
h
 
 channels, we coinjected
cRNAs encoding mouse isoforms of HCN1 and HCN2,
which are coexpressed in neocortical and hippocampal
neurons, in 
 
Xenopus
 
 oocytes. I
 
h
 
 generated by coexpres-
sion of HCN1 and HCN2 subunits was clearly distinct
from I
 
h
 
 generated by homomeric HCN1 or HCN2 chan-
nels, providing strong evidence for the formation of het-
eromultimeric I
 
h
 
 channels with novel properties. In the
course of these experiments, we further noticed signiﬁ-
cant differences between I
 
h
 
 recorded in intact oocytes
versus cell-free patches. By making a point mutation in
the CNBD to prevent cAMP modulation, we demon-
strated that at least a part of these differences is due to
 
the modulation of I
 
h
 
 in intact oocytes by basal levels of
cAMP. Thus, these results suggest that properties of I
 
h
 
 in
native neurons and cardiac cells are likely to be deter-
mined by both coassembly of distinct HCN subunits and
basal modulation by resting levels of cyclic nucleotide.
 
MATERIALS AND METHODS
 
Molecular Biology
 
Mouse HCN1 (Santoro et al., 1998) and HCN2 (Ludwig et al.,
1998) were subcloned into the pGHE expression vector. HCN1/
R538E and HCN2/R591E, in which arginine 538 of HCN1 or
R591 of HCN2 was replaced by glutamate (see Fig. 7 A) were
made by a PCR/subcloning strategy. The resulting mutant HCN
channels were veriﬁed by dideoxy chain termination sequencing.
 
Expression in Xenopus Oocytes
 
RNA was transcribed from NheI-linearized DNA (HCN1) or
SphI-linearized DNA (HCN2) using a T7 RNA polymerase (Mes-
sage Machine; Ambion) and injected into 
 
Xenopus
 
 oocytes as de-
scribed previously (Goulding et al., 1992; Santoro et al., 1998). In
the case of inside-out patches, the oocytes were injected with 50
ng of cRNA of either HCN1 or HCN2 alone, with a combination
of 25 ng of HCN1 cRNA and 25 ng of HCN2 cRNA for coexpres-
sion, or 50 ng of cRNA from mutant constructs HCN1/R538E or
HCN2/R591E alone. In the case of two microelectrode voltage-
clamp of intact oocytes, the amount of injection is one ﬁfth of
that used for inside-out patches.
 
Electrophysiological Recordings
 
Two microelectrode voltage-clamp recordings were obtained 1–2 d
after cRNA injection using an oocyte clamp ampliﬁer (model
OC-725B; Warner Instruments). Data were ﬁltered at 250 Hz and
sampled at 500 Hz using an ITC-18 interface and Pulse software
(HEKA). The recordings were obtained with the oocytes bathed
in a high KCl extracellular solution containing (in mM): 96 KCl,
2 NaCl, 10 HEPES, and 2 MgCl
 
2
 
, pH 7.5. Microelectrodes were
ﬁlled with 3 M KCl and had resistances of 0.5–2 M
 
V
 
. Holding po-
tential was 
 
2
 
30 mV. Analysis was done using Pulseﬁt (HEKA) and
IgorPro (WaveMetrics).
Cell-free inside-out patches were obtained 3–6 d after cRNA in-
jection, and data were acquired using a patch-clamp ampliﬁer
(model Axopatch 200A; Axon Instruments). A symmetrical solu-
tion was used containing (in mM): 107 KCl, 5 NaCl, 10 Hepes, 1
MgCl
 
2
 
, and 1 EGTA, pH 7.3. Patch pipets were 1–3 M
 
V
 
, and were
coated with Sylgard to minimize capacitance. The holding poten-
tial for these inside-out patches was 
 
2
 
40 mV. A Ag-AgCl ground
wire was connected to the bath solution by a 3-M KCl agar bridge
electrode, and junction potential was compensated before the for-
mation of each patch. Linear leak was not subtracted. Acquired
data were ﬁltered at 1 kHz with the Axopatch 200A built-in 4-pole
low pass Bessel ﬁlter and sampled at 2 kHz with an ITC-18 inter-
face. Analysis was done using PulseFit, IgorPro, and Sigma Plot.
Hyperpolarizing voltages in 10- or 5-mV step increments were
applied to either inside-out patches or intact oocytes from the
holding potential. All recordings were obtained at room temper-
ature (22–25
 
8
 
C).
 
Data Analysis
 
Steady-state activation curves were determined from the ampli-
tude of tail currents after hyperpolarizing steps on return to 
 
2
 
40
mV. Tail current amplitudes were measured after the decay of the
capacitive transient by averaging the current during the plateau 
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of the tail. Current values were plotted as a function of the step
voltages and ﬁt with the Boltzmann equation: I(V)
 
 
 
5
 
 A
 
1
 
 
 
1
 
 A
 
2
 
/
{1
 
1
 
exp[(V 
 
2
 
 
 
V
 
1/2
 
)/s]}, where A
 
1
 
 is an offset caused by a nonzero
holding current, A
 
2
 
 is the maximal tail current amplitude, V is
voltage during the hyperpolarizing test pulse in mV, V
 
1/2
 
 is the
midpoint activation voltage, and s is the slope of ﬁtting. To aver-
age the data from different experiments, the tail current ampli-
tudes for each individual experiment were normalized by ﬁrst
subtracting the ﬁtted value of 
 
A
 
1
 
, and then dividing by the ﬁtted
value of 
 
A
 
2
 
. These normalized data were averaged among the dif-
ferent experiments and the averaged, normalized data were then
ﬁtted by the Boltzmann equation with 
 
A
 
1
 
 set to 0 and 
 
A
 
2
 
 set to 1.
These normalized curves were plotted in the indicated ﬁgures.
Activation time constants were determined by ﬁtting the cur-
rent evoked during hyperpolarizing voltage steps to single or dou-
ble exponential functions using Pulseﬁt. Simultaneous ﬁtting with
two exponential components yielded ﬁts that were signiﬁcantly
better than single exponential terms for all currents activated in
response to voltages that were negative to V
 
1/2
 
; for all the currents
including the coexpression of two HCN channels, the ﬁt was not
improved after addition of a third component. The uncompen-
sated capacitive transients and activation delays occurring in the
initial phase of the I
 
h
 
 currents (initial 50–100 ms) were excluded
from the ﬁtting windows. Data are presented as mean 
 
6
 
 SEM. 
 
RESULTS
 
The properties of hyperpolarization-activated currents
upon coexpression of HCN1 and HCN2 subunits were
compared with the I
 
h
 
 currents generated upon expres-
sion of HCN1 or HCN2 alone. If the two subunits did
indeed coassemble to form a heteromultimer with
novel properties, we expected that the heteromulti-
meric I
 
h
 
 would not be adequately described by the alge-
braic sum of two independent populations of HCN1
and HCN2 channels, at any proportional ratio.
 
In Intact Oocytes, Coexpression of HCN1 and HCN2 
Generates an I
 
h
 
 with Novel Properties
 
We ﬁrst characterized properties of I
 
h
 
 generated by ex-
pression of HCN1 alone, HCN2 alone, or coexpression
of the two isoforms in intact oocytes using two micro-
electrode voltage-clamp. As reported previously (San-
toro et al., 1998, 2000), HCN1 currents activated rela-
tively rapidly upon hyperpolarization, with no pro-
nounced sigmoidal delay at the beginning of the step,
and generally reached steady-state activation within a
few hundred milliseconds. By contrast, HCN2 currents
activated very slowly, with a distinct sigmoidal onset con-
tributing to an initial delay. After the initial delay, HCN2
channels required up to 10–30 s to reach steady-state ac-
tivation at the less negative voltages (Figs. 1 A and 2 B).
Oocytes coinjected with HCN1 and HCN2 cRNA ex-
pressed currents that activated without a noticeable de-
lay and showed intermediate kinetics that were faster
than those of HCN2, but slower than those of HCN1.
The time course of I
 
h
 
 upon coexpression of HCN1
and HCN2 subunits could not be reproduced by the al-
gebraic sum of independent populations of homo-
 
meric HCN1 and HCN2 channel currents, suggesting
the formation of heteromultimeric I
 
h
 
 currents with dis-
tinct properties (Fig. 1 B). To characterize the proper-
ties of the coexpressed channels, we ﬁt the time course
of I
 
h
 
 activation with two exponential components (Fig.
2 A), which were necessary and sufﬁcient to describe
adequately the activation kinetics of the coexpressed
currents as well as the kinetics of HCN1 or HCN2 ho-
momultimers (Santoro et al., 2000).
For all recombinant I
 
h
 
 studied, the fast and slow ex-
ponential components (
 
t
 
f
 
 and 
 
t
 
s
 
) were voltage-depen-
dent, speeding up at more hyperpolarized voltages.
Over the entire voltage range of activation, the fast and
slow time constants of activation for HCN1 were 
 
z
 
10-
fold more rapid than the respective time constants for
HCN2 (Santoro et al., 2000). In general, the fast and
slow time constants of the coexpressed I
 
h
 
 were interme-
diate between those of I
 
h
 
 generated by HCN1 alone
and HCN2 alone. At more depolarized voltages, both
fast and slow time constants for the coexpressed I
 
h
 
 lay
somewhat closer to the values for HCN1 homomers
than to HCN2 homomers (Fig. 2 B).
The voltage dependence of the relative amplitudes of
the fast and slow exponential components differs sig-
niﬁcantly between HCN1 and HCN2 homomeric chan-
nels (Santoro et al., 2000). For HCN1 channels, the fast
component of activation accounted for the great ma-
jority (
 
z
 
80%) of the current amplitude, and this pro-
portion did not depend on the voltage during the hy-
perpolarization. In contrast, for HCN2 channels, the
slow component was predominant for relatively small
hyperpolarizations, where less than half the channels
open. At more hyperpolarized voltages, the contribu-
tion of the fast component for HCN2 became progres-
sively greater. The relative amplitude of the fast and
slow exponential components of I
 
h
 
 generated by coex-
pression of HCN1 and HCN2 showed a marked depen-
dence on voltage that was similar to, but slightly less
steep than, the behavior of HCN2 channels (Fig. 2 B).
Examination of the steady-state voltage dependence
of channel activation further supported the view that
HCN1 and HCN2 subunits formed heteromultimeric
channels. Tail current activation curves were measured
for I
 
h
 
 generated by expression of HCN1 alone, HCN2
alone, and coexpression of HCN1 and HCN2 (Fig. 3).
As shown previously (Santoro et al., 2000), HCN1 chan-
nels tend to activate at more positive voltages than
HCN2 channels. Fits of the Boltzmann relation to acti-
vation curves showed that the midpoint voltage of acti-
vation (V
 
1/2
 
) of HCN1 was 
 
2
 
69.1 
 
6
 
 0.7 mV with a slope
of 7.5 
 
6
 
 0.5 mV (
 
n
 
 5 
 
8). In comparison, HCN2 chan-
nels showed a more negative V
 
1/2 
 
of 
 
2
 
78.4 
 
6
 
 0.8 mV
with a slope of 5.1 
 
6
 
 0.4 mV (
 
n
 
 5 
 
8). Surprisingly,
channels generated by coinjection of HCN1 and HCN2
showed steady-state activation parameters almost iden- 
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Figure 1. Coexpression of HCN1 and HCN2
results in currents recorded from intact oocytes
with novel kinetics that cannot be accounted
for by expression of two independent popula-
tions of homomeric HCN channels. (A) Cur-
rents recorded by two microelectrode voltage
clamp elicited by 10-s hyperpolarizations in oo-
cytes injected with cRNA of either HCN1 (left),
HCN2 (right) alone, or with a 1:1 mixture of
HCN1 and HCN2 (HCN1 1 HCN2) (middle).
Holding potential was 230 mV, and the voltage
was stepped to negative potentials from 235
mV in 10-mV increments to 2105 mV. Tail cur-
rents were measured at 240 mV. (B) Current
traces elicited by 30-s pulses to 285 mV (bot-
tom left) or 10-s pulses to 2105 mV (bottom
right) from oocytes injected with HCN1 alone,
HCN2 alone, or 1:1 mixture of HCN1 and
HCN2 (HCN1 1 HCN2). Solid traces show
normalized averaged currents from several oo-
cytes injected with given composition of RNA.
Dashed traces show algebraic sums of HCN1
and HCN2 averaged currents in ratios of 1:3,
1:1, and 3:1 (HCN1/HCN2 ratio). Four to ﬁve
separate experiments (oocytes) averaged for
each recording trace.
Figure 2. Activation kinet-
ics for HCN1, HCN2, and co-
expressed subunits from in-
tact oocytes. (A) Ih currents
during hyperpolarizing steps
to 2105 mV with superim-
posed ﬁt of sum of two ex-
ponential functions (bottom
traces) with residuals showing
difference between data and
ﬁt (top traces). (left) HCN1
alone (10-s step); (middle)
HCN1 1 HCN2 (10-s step);
and (right) HCN2 alone (30-s
step). (B) Plot of two expo-
nential constants as function
of voltage. (left) Voltage de-
pendence of fast exponential
time constant (tf). (middle)
Voltage dependence of slow
exponential time constant
(ts). (right) Relative ampli-
tude of fast exponential com-
ponent as function of voltage,
Af/(Af 1 As), where Af and As
are the amplitudes of the fast
and slow exponential compo-
nents, respectively. (open cir-
cles) HCN1; (open squares)
HCN2; (closed diamonds)
HCN1  1  HCN2.495 Chen et al. 
tical to those of HCN1, with a V1/2 value of 268.0 6 1.4
mV and a slope of 6.1 6 0.4 mV (n 5 9). The fact that
the steady-state activation curve observed upon coex-
pression of HCN1 and HCN2 resembles the HCN1 acti-
vation curve cannot be explained by a lack of expres-
sion of HCN2 subunits because the coexpressed chan-
nels show markedly slower kinetics of activation (Figs. 1
and 2) and tail current deactivation (Fig. 3 A, top
traces) compared with HCN1 homomers. Moreover, we
ﬁnd that the V1/2 values for HCN1 homomers, HCN2
homomers, and coexpressed channels are indepen-
dent of the magnitude of the Ih current (Fig. 3 B), sug-
gesting a lack of competition among the various sub-
units for some limiting factor in the oocytes.
Coexpression of HCN1 and HCN2 Studied in Inside-out 
Patches: Novel Gating and Modulation by cAMP
The effects of cAMP on HCN channel function were
measured using cell-free inside-out patches, which per-
mitted the rapid application of solutions to the internal
face of the membrane. As previously reported for Ih in
cardiac myocytes (DiFrancesco and Mangoni, 1994),
we found that loss of intracellular constituents upon
patch excision shifted the relation between channel
opening and voltage by 40–60 mV in the hyperpolariz-
ing direction for both HCN1 and HCN2 channels.
Nonetheless, the essential differences in gating kinetics
between HCN1 and HCN2 were maintained in the cell-
free patches (Fig. 4 A). Thus, HCN1 channels activated
at more positive potentials and with more rapid kinet-
ics compared with HCN2 channels. The difference in
kinetics was clearly observed during steps to 2135 mV;
HCN1 currents reached steady-state activation in ,300
ms, whereas HCN2 currents did not reach full activa-
tion even after 3 s (Fig. 4 C). In cell-free patches, the Ih
current generated by coexpression of HCN1 and
HCN2 displayed intermediate activation kinetics, simi-
lar to our ﬁndings in intact oocytes. During steps to
2135 mV, steady-state activation was reached in z3s.
The effects of application of a saturating concentra-
tion of cAMP were studied for Ih generated by HCN1
alone, HCN2 alone, and by coexpression of HCN1 and
HCN2 (Fig. 4, B and C). Similar to previous ﬁndings,
cAMP caused only a small increase in the rate of activa-
tion of HCN1 channels (Santoro et al., 1998). In con-
trast, there was a large increase in the rate of activation
of HCN2, over the entire voltage range examined (Lud-
wig et al., 1998). Channels generated by the coexpres-
sion of HCN1 and HCN2 showed a marked enhance-
ment in the rate of opening with cAMP, similar to (al-
though somewhat less than) the speeding of HCN2
channels.
The effects of cAMP on the voltage dependence of
gating were examined next using tail current activation
curves (Fig. 5 and Table I). In the absence of cAMP,
HCN1 activated at voltages that were 20 mV more posi-
tive than those required to activate HCN2 channels.
For HCN1, the V1/2 of activation was 2115.8 6 1.3 mV
with a slope of 6.3 6 0.7 mV. For HCN2, the V1/2 was
2135.7 6 1.7 mV with a slope of 4.3 6 0.3 mV. Thus, al-
though V1/2 values were shifted by z50 mV relative to
their values in intact oocytes, the qualitative difference
in voltage dependence between HCN1 and HCN2 was
maintained in the inside-out patches. In fact, the 20-
mV difference in V1/2 between HCN1 and HCN2 in
cell-free patches was larger than the 10-mV difference
observed in intact oocytes.
Channels generated by the coinjection of HCN1 and
HCN2 showed an intermediate voltage dependence of
activation, with a V1/2 of 2129.7 6 1.1 mV and a slope of
Figure 3. Steady-state activation curves for HCN1, HCN2, and
coexpressed channels in intact oocytes. (A, top) Tail currents of ei-
ther HCN1 alone, HCN2 alone, or coinjected HCN1 and HCN2.
(bottom) Averaged, normalized steady-state tail current activation
curves were obtained using 10-s hyperpolarizing steps for HCN1
currents (open circles, 8 cells) and currents produced by coex-
pression of HCN1 and HCN2 (closed diamonds, 9 cells); 30-s hy-
perpolarizing steps were used for HCN2 currents (open squares, 8
cells). Curves show ﬁt of Boltzmann relations (see materials and
methods for details). Bars show SEM. (B) Relation of steady-state
V1/2 and Ih current amplitude at the end of 3-s hyperpolarizing
step to 2105 mV. Each symbol shows data recorded for an individ-
ual oocyte injected with HCN1 (open circles), HCN2 (open
squares), or HCN1 1 HCN2 (closed diamonds).496 Heteromeric Ih Channels Formed by Coassembly of HCN1 and HCN2 Subunits
4.4 6 0.5 mV (Fig. 5 A and Table I). This result is some-
what surprising given the results presented above that,
in intact oocytes, the V1/2 of the coexpressed channels
was similar to that of HCN1, not intermediate between
HCN1 and HCN2. The explanation for this discrep-
ancy, as well as the greater difference in V1/2 between
HCN1 and HCN2 homomeric channels in inside-out
patches versus intact oocytes, is explored below.
Further evidence that Ih generated by coexpression of
HCN1 and HCN2 subunits reﬂected the novel proper-
ties of heteromeric channels was provided by compari-
son of experimental and simulated tail current activa-
tion curves (Fig. 5). The activation data for Ih measured
in patches from oocytes in which HCN1 and HCN2
were coexpressed (either for Ih from a single, represen-
tative patch [Fig. 5 B], or averaged from seven separate
patches [Fig. 5 C]) could not be accounted for by the
sum of activation curves for independent populations of
HCN1 and HCN2 channels at varying proportions.
Because of the quantitative difference in the re-
sponse of HCN1 versus HCN2 homomeric channels to
cAMP, we next examined the effect of this nucleotide
on the gating of the coexpressed HCN channels (Fig. 5
and Table I). As previously shown, a saturating concen-
tration of cAMP (10 mM) shifted the V1/2 of HCN1
channels by only z4 mV (similar to the ﬁndings of San-
toro et al., 1998). In contrast, application of cAMP
shifted the V1/2 of HCN2 channels by a much larger
amount, z17 mV (similar to the ﬁndings of Ludwig et
al., 1998). The coexpressed channels showed a 13-mV
shift in V1/2 in response to 10 mM cAMP, which is close
to the large shift seen in HCN2 channels.
Dose–response relations for the shift in V1/2 as a func-
tion of [cAMP] were compared for HCN1, HCN2, and
coexpressed channels (Fig. 6). The dose–response
curves were ﬁtted by the Hill equation to obtain the
maximal shift at saturating [cAMP], the cAMP concen-
tration at which half of the maximal shift was produced
(K1/2), and the Hill coefﬁcient (h). For HCN2 chan-
nels, the maximal shift with cAMP was 17.4 mV with a
K1/2 of 0.10 mM (h 5 1.1). For HCN1 channels, the
shift was only 4.1 mV with a K1/2 of 0.06 mM (h 5 1.0).
Figure 4. Coexpression of
HCN1 and HCN2 gives rise to a
distinct Ih phenotype in inside-
out patches. (A) Currents elic-
ited by 3-s hyperpolarizations in
patches obtained from oocytes
injected with cRNA of either
HCN1 alone (left), HCN2 alone
(right), or with a 1:1 mixture of
HCN1 and HCN2 (HCN1 1
HCN2) (middle). Patches were
stepped to voltages ranging
from  285 to 2165 mV in 10-mV
steps from a holding potential
of 240 mV. (B) Effect of cAMP
on channel activation. Currents
shown for same patches with
same protocols as in A, but in
the presence of 10 mM cAMP.
(c) Activation kinetics during a
step to 2135 mV in the pres-
ence and absence of 10 mM
cAMP. Superimposed traces
shown in A and B were scaled so
amplitudes were equaled.497 Chen et al. 
Thus, the small effect of cAMP on HCN1 gating does
not reﬂect a low sensitivity to the ligand. Finally, for
channels formed by coexpression, the maximal shift
was 14.0 mV with a K1/2 of 0.19 mM (h 5 1.3). Surpris-
ingly, the K1/2 for channels generated by coexpression
was greater than the K1/2 for either of the homomeric
channels. Furthermore, the dose–response curve for
the coexpressed channels could not be reproduced by
the sum of independent populations of homomeric
HCN1 and HCN2 channels (Fig. 6).
TABLE I
Tail Current Activation Parameters
Intact Oocytes (2 M.E.) I.O. Patch no cAMP I.O. Patch 1 10 mM cAMP
Clones V1/2 Slope n V1/2 Slope n V1/2 Slope
(mV) (mV) (mV) (mV) (mV) (mV)
HCN1 269.1 6 0.7 7.5 6 0.5  8 2115.8 6 1.3 6.3 6 0.7  7 2111.2 6 1.0 4.9 6 0.3
HCN1 1 HCN2 268.0 6 1.4 6.1 6 0.4  9 2129.7 6 1.1 4.4 6 0.5  9 2116.7 6 1.1 5.1 6 0.1
HCN2 278.4 6 0.8 5.1 6 0.4  8 2135.7 6 1.7 4.3 6 0.3 10 2119.0 6 1.7 4.3 6 0.2
HCN1/R538E 275.9 6 1.0 6.1 6 0.3 10 2116.3 6 1.8 5.2 6 0.3  7 2117.1 6 1.9 5.3 6 0.2
HCN1 1 2/RE 281.8 6 1.6 6.7 60.3  9 ND ND ND ND
HCN2/R591E 297.1 6 0.9 5.0 6 0.3  9 2136.1 6 2.2 3.4 6 0.3  5 2136.7 6 3 3.3 6 0.5
Data obtained from fits of Boltzmann Eq. to mean, normalized tail current activation curves. HCN11HCN2 data obtained from coexpression of HCN1
and HCN2. HCN1 1 2/RE data obtained from coexpression of HCN1/R538E and HCN2/R591E mutant subunits.
Figure 5. Steady-state activation curves determined in inside-out patches in the presence and absence of cAMP. (A) Average tail current ac-
tivation curves for HCN1, HCN2, and coexpression of HCN1 and HCN2 in the presence (closed symbols) and absence (open symbols) of 10
mM cAMP. (left) HCN1 (7 patches); (middle) coexpression of HCN1 and HCN2 (9 patches); (right) HCN2 (10 patches). Solid lines show ﬁt
of Boltzmann relation. (B) The activation curve of Ih current generated by coexpression of HCN1 and HCN2 from a representative patch can-
not be reproduced by linear sums of average HCN1 and HCN2 activation curves obtained from A. (solid lines) HCN2, HCN1 1 HCN2 (open
diamonds), and HCN1 from left to right. Dashed, dotted, and dash-dotted lines: linear sums of HCN1 and HCN2 activation curves at 1:3, 1:1,
3:1 (HCN1/HCN2) ratios. (C) The average Boltzmann activation curve for Ih currents generated by coexpression of HCN1 and HCN2 (open
diamonds, 7 patches) cannot be reproduced by linear sums of average HCN1 and HCN2 activation curves. Bars indicate SEM.498 Heteromeric Ih Channels Formed by Coassembly of HCN1 and HCN2 Subunits
Modulation of HCN Channels by Basal cAMP in Intact 
Oocytes Studied through an Inactivating Point Mutation
in the Cyclic Nucleotide Binding Domain
Although the above results in intact oocytes and cell-
free patches supported the view that HCN1 and HCN2
subunits coassemble to form heteromultimeric chan-
nels with novel properties, there were certain puzzling
differences in the behavior of the various channels in
the two recording conﬁgurations. First, we found a
large,  z50-mV hyperpolarizing shift in V1/2 values mea-
sured for Ih in cell-free patches relative to values in in-
tact oocytes. Moreover, we found a larger difference in
V1/2 values between HCN1 channels and HCN2 chan-
nels in cell-free patches (20 mV) than in intact oocytes
(9 mV). Finally, in cell-free patches, the V1/2 of coex-
pressed channels was intermediate between the V1/2
values for channels formed by HCN1 or HCN2 alone.
In contrast, in intact oocytes, the V1/2 for coexpressed
channels was similar to that of HCN1 channels. What
might account for such differences?
Given the high sensitivity of HCN channels to cAMP,
we investigated whether basal levels of cAMP in the in-
tact oocytes might have been sufﬁcient to modulate the
gating of HCN channels. To investigate this possibility,
we mutated a single arginine residue (R538 in HCN1
and R591 in HCN2) that is conserved in nearly all
Figure 6. Coexpression of HCN1 and HCN2 generates channels
with a novel cAMP dose–response relation. Mean dose–response
curves for shifts in V1/2 as a function of cAMP concentration for
HCN1 (closed circles, 26 patches), HCN2 (closed squares, 16
patches), and coexpression of HCN1 and HCN2 (closed diamonds,
31 patches). Solid lines show ﬁt of the Hill equation (see materials
and methods). The positions of the K1/2 values are indicated by ar-
rows. Dash, dotted, and dash-dotted lines: linear sums of HCN1 and
HCN2 dose–response curves at 1:3, 1:1, 3:1 (HCN1/HCN2) ratios.
Figure 7. Mutation of a con-
served arginine residue in the
CNBD to glutamate prevents
cAMP binding, but has no ef-
fect on the channel’s intrinsic
voltage dependence. (A) Dia-
gram showing the site of the
mutation. HCN1 and HCN2
are shown as six transmem-
brane helices (rectangles)
with the P-loop connecting
the ﬁfth and sixth helices. The
CNBD, located in the cytoplas-
mic COOH terminus, starts at
the hash mark and ends at the
last rectangle. It is depicted as
a loop, representing the b-roll,
and a rectangle, representing
the C a-helix. (B) Steady-state
tail current activation curves
obtained in inside-out patches
using 3-s hyperpolarizing steps
for HCN1/R538E (left) and
HCN2/R591E (right) chan-
nels. (open symbols) Data in
absence of cAMP. (closed sym-
bols) Data in presence of 10
mM cAMP. Solid and dashed
curves show ﬁts of Boltzmann
relation in absence and pres-
ence of cAMP, respectively
(see Table I for values).499 Chen et al. 
 CNBDs (Shabb and Corbin, 1992; Santoro and Tibbs,
1999) to a glutamate (Fig. 7 A). In related CNBDs this
arginine, which is located in an eight-stranded antipar-
allel b-roll, makes a crucial ionic contact with the cy-
clized phosphate of the bound nucleotide (Weber and
Steitz, 1987; Su et al., 1995). In the CNG channels, mu-
tation of this arginine to glutamate decreases the afﬁn-
ity of the channel for cyclic nucleotide by .2,000-fold
without affecting the energetics of the intrinsic gating
reaction (Tibbs et al., 1998).
In the background of both HCN1 and HCN2 chan-
nels, the arginine (R) to glutamate (E) mutation had a
very similar effect as in CNG channels. Thus, the gating
of mutant HCN1/R538E and HCN2/R591E homomeric
channels in inside-out patches was completely unaffected
by 10 mM cAMP (Fig. 7, B and C, and Table I), which is a
concentration that is 50–100-fold higher than the K1/2
for modulation of wild-type HCN channels. However, the
mutation had no effect on the intrinsic gating properties
of the channels, as shown by the nearly identical activa-
tion curves of wild-type and mutant channels in the ab-
sence of cAMP (Table I and Fig. 8, B and C).
In contrast to the lack of effect of these mutations on
HCN gating in cell-free patches, in intact oocytes studied
by two microelectrode voltage-clamp, we observed a pro-
nounced negative shift in the gating of HCN1/R538E
channels, HCN2/R591E channels, and coexpressed mu-
tant channels relative to the gating of the respective wild-
type channels. Thus, the V1/2 of HCN1/R538E was
275.9 6 1.0 mV with a slope of 6.1 6 0.3 mV (n 5 10
cells), representing a shift of about 27 mV compared
with wild-type HCN1 channels (Fig. 8 B). The V1/2 of
HCN2/R591E was 297.1 6 0.9 mV with a slope of 5.0 6
0.3 (n 5 9), representing a shift of about 219 mV com-
pared with wild-type HCN2 (Fig. 8 C). Finally, the V1/2 of
the currents from oocytes coinjected with HCN1/R538E
and HCN2/R591E was 281.8 6 1.6 mV with a slope of
6.7 60.3 (from 10 cells), representing a shift of 214 mV
(comparing Fig. 3 with Fig. 8 A). These shifts in V1/2 val-
ues for HCN1/R538E (7 mV), HCN2/R591E (19 mV),
and coexpressed mutant subunits (14 mV) in intact oo-
cytes are compatible with the maximal shifts of 4, 17, and
14 mV seen in response to cAMP in inside-out patches
for channels formed by the corresponding wild-type
HCN channels. Thus, our results are consistent with the
view that basal levels of cAMP were sufﬁcient to cause a
maximal positive voltage shift in the gating of HCN
channels in intact oocytes. Differences in efﬁcacy of
cAMP in modulating HCN1, HCN2, and HCN1/HCN2
heteromultimers could explain some of the discrepan-
cies between Ih properties recorded from inside-out
patches versus intact oocytes (Fig. 8, B and C).
DISCUSSION
Our study in both intact Xenopus oocytes and inside-out
patches demonstrated that HCN1 and HCN2 subunits,
Figure 8. Comparison of
effects of the arginine to
glutamate point mutation on
HCN channels in inside-out
patches versus intact oocytes.
(A) Mean steady-state tail cur-
rent activation curves in in-
tact oocytes using two micro-
electrode voltage clamp for
HCN1/R538E channels (tri-
angles), HCN2/R591E chan-
nels (inverted triangles), or
channels formed upon coin-
jection of the two mutant sub-
units (closed symbol). Tail
currents obtained after 10-s
hyperpolarizing steps. (B and
C), Comparisons of steady-
state activation curves for
wild-type (open symbols) ver-
sus mutant (closed symbols)
HCN1 (B) or HCN2 (C) sub-
units in inside-out patches
(I.O.) and intact oocytes stud-
ied with two microelectrode
voltage-clamp (2 M.E.). Solid
and dashed lines show ﬁts of
Boltzmann relation to wild-
type and mutant subunits, re-
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when coexpressed, form functional heteromultimeric
channels that generate hyperpolarization-activated cur-
rents with novel properties. Furthermore, we showed
that the basal level of cAMP may play an important role
in the modulation of HCN channel function in intact
cells. Both coassembly and basal cAMP modulation sig-
niﬁcantly increase the potential for functional diversity
of Ih in the nervous and cardiovascular systems.
Formation of Heteromultimers between Two Different 
Isoforms of HCN Channels
In situ hybridization studies of mouse brain have re-
vealed distinct but overlapping patterns of expression
of HCN1 and HCN2 (Moosmang et al., 1999; Monteg-
gia et al., 2000; Santoro et al., 2000). Single cell PCR
studies provide additional strong evidence for coex-
pression of different HCN isoforms within single neu-
rons (Franz et al., 2000). In particular, both HCN1 and
HCN2 are prominently expressed in CA3 and CA1
pyramidal neurons of the hippocampus. Whole-cell
patch-clamp recordings demonstrate a prominent Ih
current with relatively rapid kinetics in CA1 pyramidal
neurons. The presence of multiple HCN isoforms in a
given cell raises the question as to whether the Ih cur-
rent in these cells results from separate populations of
homomeric channels or whether the different isoforms
coassemble to form heteromultimeric channels.
By coexpressing HCN1 and HCN2 in Xenopus oo-
cytes, we have provided several lines of functional evi-
dence that the two isoforms can indeed coassemble to
form functional heteromultimers with novel proper-
ties. In intact oocytes, coexpression of HCN1 and
HCN2 gave rise to Ih with a voltage dependence similar
to that of HCN1 channels, but with kinetics that were
twice as slow. In inside-out patches, the coexpressed
channels displayed a voltage dependence and an efﬁ-
cacy of cAMP modulation that were intermediate be-
tween those of HCN1 and HCN2 channels. Simulation
of hyperpolarization-activated currents generated by
the summed contributions of independent populations
of HCN1 and HCN2 channels in various ratios could
not reproduce the currents we observed from coin-
jected oocytes. Finally, the coexpressed channels dis-
played a decreased sensitivity to cAMP (increased K1/2)
compared with either HCN1 or HCN2 channels.
Although the hypothesis that HCN1 and HCN2 sub-
units coassemble to form functional heteromultimeric
channels with novel properties provides the simplest ex-
planation for our ﬁndings, a number of more compli-
cated scenarios might be envisioned. For example,
HCN1 and HCN2 could compete for some limiting co-
factor in the oocytes (e.g., a b subunit or modulatory en-
zyme), so that coexpression of the two subunits leads to
a change in the functional properties of homomeric
HCN1 and HCN2 channels, relative to their properties
when expressed alone. However, the fact that the steady-
state activation curves we observe upon coexpression of
HCN1 and HCN2 (in both cell-free patches and intact
oocytes) is as steep as that observed upon expression of
either HCN1 or HCN2 alone argues strongly against the
presence of two distinct channel populations (which
would inevitably lead to a shallower activation curve, un-
less the V1/2 values just happened to coincide). Further-
more, such a competition for a limiting cofactor is in-
consistent with our ﬁnding that V1/2 values are indepen-
dent of level of Ih current expression (Fig. 3 B). This
latter ﬁnding also argues against a change in homo-
meric channel properties due to some direct interaction
between homomeric HCN1 and HCN2 channels.
Further evidence that the properties of the channels
observed upon coexpression of HCN1 and HCN2 sub-
units do indeed reﬂect the properties of heteromeric
channels comes from a recent study of Ulens and Tytgat
(2001), in which tandem heterodimers of HCN1 and
HCN2 subunits were expressed in Xenopus oocytes. The
tandem dimers generated functional channels with
properties intermediate between those of HCN1 and
HCN2 homomeric channels, but very similar to the
properties of the channels formed upon coexpression
of independent HCN1 and HCN2 subunits that we re-
port here. The two approaches complement one an-
other as each has its own strengths and weaknesses. The
tandem dimers might artiﬁcially force distinct subunits
to coassemble or generate channels with altered proper-
ties (e.g., due to the fusion of COOH and NH2 termini).
Independent coexpression of distinct subunits, how-
ever, cannot constrain stoichiometry and, therefore,
might result in expression of multiple populations of
channels. Thus, the good agreement between the two
approaches reinforces the conclusion that HCN1 and
HCN2 subunits do indeed coassemble to form hetero-
multimers, and that the properties of the coexpressed
channels and tandem dimer channels are an accurate
representation of the properties of heteromeric HCN1/
HCN2 channels. Moreover, the agreement between the
two sets of experiments suggests that the subunit stoichi-
ometry of the heteromeric channels is likely to consist
of two HCN1 subunits and two HCN2 subunits.
The only signiﬁcant quantitative discrepancy be-
tween our results and those of Ulens and Tytgat (2001)
lies in the extent of modulation of homomeric and het-
eromeric channels by cAMP. Ulens and Tytgat elevated
cAMP levels in oocytes by activation of G protein–cou-
pled receptors. They observed no effect of cAMP eleva-
tion on HCN1 channels, a 6–7-mV positive shift with
the tandem dimers, and a 15-mV shift with HCN2.
These values are consistently lower than the shifts that
we directly observed in cell-free patches or inferred
from the intact oocytes. Such a discrepancy, however, is
explained by our ﬁnding that the basal activation501 Chen et al. 
curves of HCN channels in intact cells are signiﬁcantly
shifted towards positive potentials by resting levels of
cAMP (see following section).
The novel biophysical characteristics of the hetero-
multimeric channels endow them with unique potential
physiological functions. Their relatively positive thresh-
old of activation would allow them to control resting
membrane properties and to help generate pacemaker
potentials after repolarization of the action potential.
Their pronounced modulation by cAMP would contrib-
ute to alterations in cellular excitability by hormones
and transmitters. These properties of the heteromulti-
meric channels correspond well with the properties of
certain native Ih as discussed two sections below.
Modulation by Basal Level of Cyclic Nucleotides in Cells
Based on differences in channel properties in cell-free
patches versus intact cells, together with the high sensi-
tivity of HCN channels to cAMP, we investigated the pos-
sible modulation of HCN channels by basal levels of cy-
clic nucleotide in the intact oocytes. Mutation of a con-
served arginine in the b roll of the cyclic nucleotide
binding domain to a glutamate completely prevented
the modulatory action of cAMP, without altering normal
gating properties of either HCN1 or HCN2 channels in
cell-free patches. At the structural level, this result is in
good agreement with previous results in CNG channels,
where a similar mutation blocked activation by cyclic nu-
cleotide without altering the free energy difference be-
tween open and closed states in the absence of the
ligand (Tibbs et al., 1998). Thus, these two distinct fami-
lies of cyclic nucleotide regulated ion channels appear
to utilize a conserved mechanism in ligand-gating.
Although the point mutations had no effect on the
voltage gating of HCN channels in cell-free patches, we
did observe signiﬁcant differences between the mutant
channels and wild-type channels in intact oocytes. The
voltage dependence of HCN1 and HCN2 homomeric
channels was shifted in the hyperpolarized direction by
7 and 19 mV, respectively. Such shifts are nearly identical
to the maximal shifts seen with the binding of saturating
concentrations of cAMP to HCN1 and HCN2 wild-type
channels in cell-free patches (4 and 17 mV, respectively;
Fig. 6). This suggests that the basal level of cAMP in oo-
cytes is sufﬁcient to produce near maximal shifts in gat-
ing of wild-type HCN channels. This view is compatible
with the observation that the K1/2 values of these chan-
nels range from 50 to 200 nM (Fig. 6), and that resting
cAMP levels in oocytes can be in the micromolar range
(Maller et al., 1979). Basal modulation by cAMP levels
would enhance the modulatory range of these channels,
allowing them to respond either to transmitters that ele-
vate levels of cAMP (e.g., acting through Gs) or to trans-
mitters that reduce basal levels of cAMP (e.g., acting
through Gi or stimulation of phosphodiesterase activ-
ity). In fact, the slowing of the heart by muscarinic re-
ceptor stimulation is thought to involve a hyperpolariz-
ing shift in Ih activation due to such a decrease in basal
levels of cAMP (DiFrancesco et al., 1989).
The modulation by basal levels of cAMP, however, ac-
counts for only part of the difference in the V1/2 values
between wild-type Ih in intact oocytes and inside-out
patches. This difference is quite large, amounting to a
247-mV shift for HCN1 and a 257 mV shift for HCN2
(V1/2 in inside-out patches minus the V1/2 in intact oo-
cytes). Similar shifts are also observed for native Ih cur-
rents in cardiac myocytes (DiFrancesco and Mangoni,
1994). Taking away the likely shift produced by endoge-
nous cAMP modulation, the remaining shift of approxi-
mately 240 mV remains unexplained. Because this shift
Figure 9. Comparison of recombinant and na-
tive Ih activation time constants. Fast (tfast) and
slow (tslow) exponential time constants during ac-
tivation of Ih for hyperpolarizing steps to 2105
mV. Native Ih time constants shown for thalamo-
cortical relay neurons and hippocampal CA1 py-
ramidal cells from data in Santoro et al. (2000).
Relative mRNA expression levels for HCN iso-
forms from in situ hybridization in corresponding
tissues also from Santoro et al. (2000). Data for re-
combinant HCN1, HCN2, and coexpression of
HCN1 1 HCN2 from our present study. Time
constants normalized to 348C assuming a Q10 of 4
(DiFrancesco, 1993). Data for rabbit HCN4 taken
from Ishii et al. (1999).502 Heteromeric Ih Channels Formed by Coassembly of HCN1 and HCN2 Subunits
is approximately identical in both HCN1 and HCN2,
the underlying mechanism accounting for such a differ-
ence must be conserved between the two channels.
Coassembly Is Compatible with the Ih in Native Tissues That 
Express Both HCN1 and HCN2
Although our results show that HCN1 and HCN2 can
efﬁciently coassemble to form heteromultimers in het-
erologous expression systems, our experiments do not
prove that heteromultimer formation necessarily does
occur in native tissues in which the subunits are coex-
pressed. Unfortunately, a lack of suitable antibodies
speciﬁc for HCN1 and HCN2 isoforms precludes coim-
munoprecipitation experiments. However, a careful
comparison of the properties of Ih in native tissues that
coexpress HCN1 and HCN2 with the properties of Ih
generated by the recombinant HCN gene products re-
ported here does indicate that coassembly in vivo is
likely. In Fig. 9, we show data from Santoro et al. (2000)
that compare the rapid kinetics of Ih recorded from
hippocampal CA1 pyramidal neurons, which express
HCN1 and HCN2, with the slower kinetics of Ih re-
corded from thalamocortical relay neurons, which ex-
press HCN2 and HCN4. These data are compared with
the kinetics of HCN1 channels, HCN2 channels, rabbit
HCN4 channels (Ishii et al., 1999), and the heteromul-
timeric channels we observed upon coexpression of
HCN1 and HCN2. We see that the fast and slow time
constants in the CA1 pyramidal neurons differ from
the properties of recombinant HCN1 or HCN2 homo-
meric channels. The data for Ih in the pyramidal neu-
rons are in better agreement with the values obtained
here for the HCN1/HCN2 heteromultimers. Clearly,
future studies are needed to provide more direct evi-
dence for coassembly in native cells. Recordings from
CA1 neurons in mice in which the HCN1 gene has
been deleted through homologous recombination (Moro-
zov et al., 2000; Nolan et al., 2000) provides a promis-
ing means to assess the contribution of heteromulti-
meric HCN1/HCN2 channels to native Ih currents and
to understand the role of these channels in the electri-
cal excitability of individual neurons, the circuits in
which these neurons participate, and the complex be-
haviors that these circuits mediate.
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